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Lateral inhibitionLateral inhibition is one of the key functions of Notch signaling during animal development. In the proneural
clusters that give rise to Drosophilamechanosensory bristles, Delta (Dl) ligand in the sensory organ precursor
(SOP) cell is targeted for ubiquitination by the E3 ligase Neuralized (Neur), resulting in activation of Dl's
capacity to signal to the Notch receptor on neighboring cells. The cells that receive this signal activate a
genetic program that suppresses their SOP fate potential, insuring that only a single SOP develops within
each cluster. Using multiple lines of investigation, we provide evidence that members of the Bearded family
of proteins (BFMs) inhibit Dl activation in non-SOP cells by binding to Neur and preventing it from
interacting with Dl. We show that this activity of BFMs is dependent on the conserved NXXN motif, and
report the unexpected ﬁnding that several BFMs include multiple functional copies of this motif. We ﬁnd that
a conserved NXXN motif in the intracellular domain of Dl is responsible for its interaction with Neur,
indicating direct competition between Dl and BFMs for binding to Neur, and we show that Neur-dependent
endocytosis of Dl requires the integrity of its NXXN motif. Our results illuminate the mechanism of an
important regulatory event in Notch signaling that appears to be conserved between insects and crustaceans.© 2009 Elsevier Inc. All rights reserved.IntroductionThe evolutionarily conserved Notch cell–cell signaling pathway is
utilized extensively for cell fate speciﬁcation in developingmetazoans.
During peripheral nervous system (PNS) development in Drosophila,
Notch-mediated lateral inhibition results in the speciﬁcation of a
single sensory organ precursor (SOP) cell from a ﬁeld of cells, known
as a proneural cluster (PNC), that all express proneural transcriptional
activator proteins and hence have SOP cell fate potential. In the SOP,
the Notch ligand Delta (Dl) is targeted by the E3 ubiquitin ligase
Neuralized (Neur), which leads to Dl's ubiquitination and endocytosis
(Deblandre et al., 2001; Lai et al., 2001; Pavlopoulos et al., 2001),
processes necessary to make the SOP an effective Notch pathway
signaling cell (Pavlopoulos et al., 2001; Li and Baker, 2004; Wang and
Struhl, 2004). In response to this signal from the SOP, the surrounding
cells in the PNC activate a genetic program that suppresses their
potential to become SOPs and commits them instead to an epidermal
fate. Among the direct transcriptional targets of the Notch pathway in
responding cells are the basic helix–loop–helix (bHLH) repressor
genes of the Enhancer of split Complex [E(spl)-C] and members of the
Bearded (Brd) family of genes, which reside in the E(spl)-C and in the
Brd Complex (Brd-C) (Bailey and Posakony, 1995; Furukawa et al.,ences/CDB, Mail Code 0349,
ve, La Jolla, CA 92093, USA.
).
l rights reserved.1995; Lecourtois and Schweisguth, 1995; Nellesen et al., 1999; Lai et
al., 2000a; Lai et al., 2000b).
The Brd gene family was discovered through genetic andmolecular
analysis of a gain-of-function mutation of the Brd gene that confers
mutant phenotypes in the adult PNS suggestive of a loss of Notch
signaling capacity, including a bristle “tufting” effect resulting from
the failure of lateral inhibition (Leviten and Posakony, 1996; Leviten et
al., 1997). Indeed, it was subsequently shown that nearly all Brd family
genes, including the E(spl)-C genes mα, m4, and m6, and the Brd-C
genes Brd, Brother of Bearded (Bob), Twin of m4 (Tom), and Ocho,
produce a similar Notch pathway loss-of-function phenotype when
over- or misexpressed in PNCs (Apidianakis et al., 1999; Lai et al.,
2000a; Lai et al., 2000b; Zaffran and Frasch, 2000). In contrast, the
E(spl)-C Brd family gene m2 produces an oppositely directed
phenotype (SOP loss) when misexpressed, reminiscent of Notch
pathway hyperactivity (Lai et al., 2000b).
Brd family genes, which have thus far been found only in insects
(Lai et al., 2000b; Lai et al., 2005; Schlatter and Maier, 2005), encode
small proteins (70–218 a.a. in Drosophila) that are characterized by a
predicted highly basic amphipathic alpha-helix located near the N
terminus, termed the B domain (Leviten et al., 1997; Lai et al., 2000a;
Lai et al., 2000b). The canonical members of the family in Drosophila,
E(spl)mα, E(spl)m4, Tom, and Ocho, also share three additional
conserved motifs (Lai et al., 2000a; Lai et al., 2000b): the N motif
[NxANE(K/R)L], the G motif (VPVHFARTXXGTFFWT), and the D motif
[DRW(A/V)QA]. The non-canonical familymembers [Brd, Bob, E(spl)m2,
and E(spl)m6] contain one or two of these additional motifs, with
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(Leviten et al., 1997; Lai et al., 2000a; Lai et al., 2000b).
An interaction between Brd family proteins and Neur was ﬁrst
revealed in a comprehensive yeast two-hybrid screen, which detected
Tom as a partner for Neur (Giot et al., 2003). Subsequent studies
showed that, during the Notch-mediated speciﬁcation of the
mesoderm–ectoderm boundary in the Drosophila embryo, Tom acts
as a Neur antagonist, capable of preventing the Neur-dependent
endocytosis of Dl (Bardin and Schweisguth, 2006; De Renzis et al.,
2006). It was also found that Tom can interfere with the co-
immunoprecipitation of Dl and Neur in a cell culture assay, suggesting
that Tom inhibits Dl-Neur binding (Bardin and Schweisguth, 2006).
The Nmotif of Tomwas shown to be important for its interactionwith
Neur, in that deletion or mutation of the motif weakened the
interaction in both the yeast two-hybrid and co-immunoprecipitation
assays. While these studies illuminated the interaction between Brd
family proteins and Neur, the interaction between Neur and the Notch
ligands Dl and Serrate (Ser) remains poorly understood. Furthermore,
a requirement for the N motif in the inhibitory activities of Brd family
proteins has not been demonstrated.
In this study, we have investigated the function of Brd proteins
during lateral inhibition. We report the unexpected ﬁnding that the
canonical Brd proteins E(spl)mα and E(spl)m4 contain multiple N
motifs, and we show that these sequences are responsible for
mediating the interaction with Neur. Integrity of these N motifs is
also required for the capacity of E(spl)mα and E(spl)m4 to disrupt
Neur-Dl binding in vitro and to interfere with lateral inhibition in vivo.
Our deﬁnition of a more comprehensive consensus for the N motif
permitted us to identify it as a conserved feature of the intracellular
domains of arthropod Dl and Ser proteins. We show that, as for Brd
proteins, Dl's N motif is required for its binding to Neur in vitro, and
we present in vivo evidence that the motif is also required for Neur-
dependent endocytosis of Dl. We therefore propose that Brd family
proteins antagonize Notch signaling by competing directly with Dl for
Nmotif-mediated binding to Neur. Finally, we report the existence of a
gene encoding a Brd family protein in the crustacean Daphnia pulex,
pushing the known origin of this family back to more than 400 Mya.
We show that this protein interacts speciﬁcally with Drosophila Neur
in vitro, indicating the long-term evolutionary conservation of this key
BFM activity.Materials and methods
GAL4/UAS driver and responder lines
The following GAL4 driver lines were used for mis- or over-
expression of UAS responder transgenes: yw; sca-GAL4 (Hinz et al.,
1994; Nakao and Campos-Ortega, 1996); w1118 E(spl)mα-GAL4 (Castro
et al., 2005); yw; neurP72-GAL4 UAS-PonGFP/TM6C (Bellaiche et al.,
2001); and w1118; dpp-GAL4/CyO (kindly provided by Ethan Bier).
UAS-neur and UAS-GFP (UAS-Stinger) have been described previously
(Barolo et al., 2000; Lai and Rubin, 2001).Generation of pUAST-V5-HIS
To create a UAS vector capable of C-terminally tagging expressed
proteins with a V5 epitope and polyhistidine sequence, the multiple
cloning site (MCS) and epitope region of the vector pAc5.1-V5-HIS-A
(Invitrogen) were ampliﬁed using the forward primer GGCAATTGGG-
TACCTACTAGTCCAGT and the reverse primer GGGCTAGCCCTTA-
GAAGGCACAGTCGA, which introduce a 5′ MfeI site and 3′ NheI site.
This ampliconwas cloned into the pUAST vector (Brand and Perrimon,
1993) cut with EcoRI and XbaI, replacing the entireMCS of pUASTwith
this new sequence.Misexpression constructs
FLAG-m4 constructs were generated by introducing the codons for a
1× FLAG tag (DYKDDDDK) after the startingM codon of E(spl)m4; 20 bp
of the gene's 3′UTR sequencewere also included in the construct. E(spl)
mα constructs included 7 bp of 5′ UTR sequence along with the coding
sequence. Dl and DlN constructs were generated using the full Dl coding
sequence, isolated from w1118 embryo cDNA. DlN was mutated so as to
encode the NEQNAV→AAAAAA substitution illustrated in Fig. 6C. These
transgenes were cloned into the pUAST vector or the pUAST-V5-HIS
vector and transformed into Drosophila using a standard P transposable
element injection protocol (Rubin and Spradling, 1982).
By in situ hybridization to late third-instar wing discs, we veriﬁed
that transcripts from the various E(spl)m4 and E(spl)mα UAS
transgenes accumulate to comparable levels when driven by sca-
GAL4 (see Supplementary Fig. S1).
In vitro constructs
Plasmid constructs encoding GST-tagged and His-tagged proteins
were generated by cloning into pGEX-5X (Amersham Biosciences) and
pRSET (Invitrogen) vectors, respectively. His-mα, His-m4, His-Dlintra, and
His-DpBFM constructs all contained 7 bp of 5′ UTR from E(spl)mα along
with their respective coding sequences.His-mα-N encodes a peptide that
includes amino acids 63–80 of E(spl)mα, centered on the N motif
(AEIDENAANEKLAQLAHS).His-mα-N mutant substitutes the two aspar-
agine residues of the core NXXN motif with alanines (AEIDEAAAAEK-
LAQLAHS). His-Hairless148–311 (His-H148–311) encodes amino acids 148–
311 of the Hairless protein, and was kindly provided by Feng Liu.
Bristle count assays
For Brd family gain-of-function phenotypes, 25 females per
independent insertion line, from 2–4 representative lines per
construct, were scored for the number of extra bristles present at 18
notum positions (notopleurals, presuturals, supra-alars, post-alars,
dorsocentrals) and eight head positions (post-verticals, inner verticals,
outer verticals, occellars), for a total of 26 bristle positions. The GAL4
drivers sca-GAL4, E(spl)mα-GAL4, and neur-GAL4 were used to direct
expression in PNCs, non-SOPs of the cluster, and SOPs, respectively.
In vitro pulldown assays: preparation of tagged proteins
Tagged proteins were expressed in E. coli strain BL21(DE3) using
an IPTG-inducible T7 promoter. Bacterial cultures were grown at 37 °C
to OD600=0.6–0.7, induced with 0.8 mM IPTG, and incubated for 3 h
at 30 °C. Bacteria were spun down at 6000 ×g for 15 min and pellets
were frozen at −80 °C.
Bacterial pellets forHis-taggedproteinswere resuspended inCell Lysis
Buffer (20 mM Tris–HCl pH 8.0; 200 mMNaCl; 0.5% Nonidet P-40; 2 μg/
mL Aprotenin; 2 μg/mL Leupeptin; 0.2 mM PMSF; 1 μg/mL Pepstatin A)
(2.5 mL per 40 mL culture) and lysed with 100 μg/mL lysozyme for
30 min on ice. 5 mM DTT was added, and the lysate was sonicated and
centrifuged at 4 °C for 25 min at 10,000 ×g. Supernatant containing the
His-tagged protein was saved and used directly for the pulldown assays.
His-Neur lysatewas not subjected to the last centrifugation step, andwas
instead run through a 25-gauge needle ﬁve times.
Bacterial pellets for GST-tagged proteins were resuspended in STE
buffer [10 mM Tris–HCl pH 8.0; 150 mM NaCl; 1 mM EDTA; 2 μg/mL
Aprotenin; 2 μg/mL Leupeptin; 0.2 mM PMSF; 1 μg/mL Pepstatin A;
(Mercado-Pimentel et al., 2002)] (6 mL per 100 mL culture) and lysed
with 100 μg/mL lysozyme for 30 min on ice. 1% Sarcosyl and 5 mM
DTT were added, and the lysate was sonicated and centrifuged at 4 °C
for 25 min at 10,000 ×g. The cleared lysate was incubated with
Glutathione Sepharose 4B beads (GE Healthcare Life Sciences) for 3–
4 h at 4 °C with rocking to bind the GST-tagged proteins. Beads were
375J.R. Fontana, J.W. Posakony / Developmental Biology 333 (2009) 373–385washed 4×with Cell Lysis Buffer and this puriﬁed samplewas used for
the pulldown assay.
In vitro pulldown assays: assay conditions
For GST-Neur pulldowns, 25 μL of packed Glutathione Sepharose
beads with bound GST-tagged protein was incubated with His-tagged
protein lysate in Cell Lysis Buffer in a total volume of 400 μL for 2–4 h at
4 °C with rocking. Beads were spun down at 300 ×g for 1.5 min and
washed 3×, 1 mL each, with Cell Lysis Buffer minus protease inhibitors.
Washed resin was resuspended in SDS-loading dye with 10 mM DTT,
boiled for 6min andWestern blottedusing standard procedures.Mouse
anti-HisG antibody (Invitrogen)was used at a 1:5000 dilution and goat-
anti-mouse-HRP (Jackson Laboratories) was used at 1:10,000. Western
Lightning Chemiluminescence Reagent Plus (NEL105, Perkin-Elmer)
was used for detection.
For GST-Dlintra pulldowns, 25 μL of packed Glutathione Sepharose
beads with bound GST-tagged proteinwas incubated with His-Neur in
Cell Lysis Buffer in a total volume of 400 μL for 2 h at 4 °C with rocking.
Resin was spun down at 300 ×g for 1.5 min , and the supernatant was
removed. His-tagged competitors in Cell Lysis Buffer were added to a
total volume of 400 μL and incubated at 4 °C for 2 h with rocking.
Resin was spun, washed, resuspended, and blotted as above.
For all assays, we veriﬁed by Coomassie staining that the amount of
control GST protein bound to the beadswas at least equal to, and inmost
cases greatly exceeded, the amount of experimental GST-X protein.
Immunohistochemistry
Late third-instar larvae were dissected in phosphate-buffered saline
(PBS)+0.1% Triton X-100, ﬁxed for 25 min with 4% paraformaldehyde
in PBS+0.3% Triton X-100, and washed 5×10 min with PBS+0.1%
Triton X-100. Misexpressed mα-V5-HIS variants were visualized with
mouse monoclonal anti-V5 (Invitrogen) diluted 1:400 and Alexa Fluor
488 donkey anti-mouse IgG (Molecular Probes) diluted 1:500. Mis-
expressed Dl and DlN were visualized with mouse monoclonal anti-Dl
(C594-9B; Developmental Studies Hybridoma Bank) diluted 1:100 and
Alexa Fluor 488 donkey anti-mouse IgG diluted 1:500. Images were
acquired on a Leica TCS SP2 confocal microscope.
Identiﬁcation and cloning of a Daphnia Brd family gene (Dp BFM)
Using a TBLASTN search with Drosophila bHLH repressor (bHLH-R)
sequences on the Daphnia pulex genome (http://wﬂeabase.org/), we
identiﬁed three bHLH-R genes on scaffold 170. Loading the scaffold
sequence into GenePalette (Rebeiz and Posakony, 2004), we searched
for conserved regulatory sequence motifs associated with Brd family
genes in insects, including proneural protein (RCAGSTG) and Su(H)
(YGTGDGAA) binding sites, as well as three 3′ UTR “seed” motifs that
mediate miRNA recognition, the GY box (GTCTTCC), K box (TGTGAT),
and Brd box (AGCTTTA). Scanning the scaffold for clusters of these
motifs, we identiﬁed several regions with the potential to contain a Brd
family gene; we then inspected the conceptual translations of these
regions for the presence of conserved protein motifs typically found in
Brd familyproteins. The identiﬁedBFMwascloned fromtheLog50 strain
of D. pulex, obtained from Dr. Matthias Westphal at the Center for
Genomics and Bioinformatics, Indiana University, Bloomington.
Results
Cell-type origin of the Brd family gain-of-function phenotype
We have reported previously that over- or misexpression of seven of
the eight Brd family genes in Drosophila [E(spl)m2 being the exception]
causes developmental defects consistent with a loss of Notch signaling
activity; i.e., failure of lateral inhibition in PNCs and cell fatetransformations in the sensory organ lineage (Lai et al., 2000a; Lai et
al., 2000b). These studies made use of the scabrous (sca)-GAL4 driver,
which is active in both of the distinct cell populations within PNCs, the
SOPand the surrounding non-SOP cells. The observed phenotypes could
arguably be caused by overexpression— abnormally high levels of BFMs
in their normal domain of expression (non-SOP cells), possibly
producing a dominant-negative effect by sequestering some important
factor(s) necessary for Notch signal transduction. Alternatively, these
effects could be due to misexpression — BFMs mimicking their normal
function in a cell type in which they are not normally expressed at any
signiﬁcant level (SOP cells). To distinguish between these possibilities,
we made use of available GAL4 drivers with distinct expression
speciﬁcities. When activated throughout the PNC using sca-GAL4, two
independent insertions of a UAS construct expressing N-terminally
FLAG-tagged E(spl)m4 (UAS-FLAG-m4) produce 27 and 34 extra bristles
per ﬂy, respectively, scored at 26 bristle positions on the notum and
dorsal head of the ﬂy (Figs. 1A, B). Driving high levels of FLAG-m4
expression speciﬁcally in non-SOP cells using E(spl)mα-GAL4 fails to
produce any signiﬁcant mutant phenotype, with 0.16 and 0.40 extra
bristles per ﬂy for the two insertions, respectively. By contrast, when
FLAG-m4 is misexpressed solely in SOPs using a neur-GAL4 driver, a
substantial disruption of lateral inhibition is observed (9.2 and 20 extra
bristles per ﬂy for the two UAS responder insertions, respectively),
suggesting that misexpression of a BFM in the SOP disrupts the sending
of theDl signal from that cell, perhapsmimicking the normal function of
BFMs in non-SOPs.
The basic amphipathic character of the B domain of E(spl)m4 is required
for the gain-of-function phenotype
To gain a better understanding of the mechanism of Brd family
protein activity during lateral inhibition, we sought to identify the
properties of these proteins that are required to produce the
characteristic gain-of-function phenotype (see Introduction and
previous section). We had observed earlier that disrupting the helical
nature of the B domain of Brd, via four proline substitutions on the
hydrophobic helical face, has no signiﬁcant effect on the protein's
ability to produce a neurogenic phenotype when misexpressed (Lai,
1999). By contrast, substituting neutral alanine residues for the basic
lysine residues of the B domain in either Brd or Bob was found to
eliminate the gain-of-function phenotype. In the present study, we
extended these ﬁndings on non-canonical BFMs by testing several
variants of the canonical BFM E(spl)m4 (Fig. 1C).
When misexpressed using the sca-GAL4 driver, FLAG-m4 produces
an average of 28.9 extra bristles per ﬂy (Figs. 1B, E). The FLAG-m44K/A
variant eliminates the four basic lysine residues of the B domain,
substituting themwith alanines, which should not disrupt the helical
nature of this region (Figs. 1C, D). This mutation nearly abolishes the
protein's ability to produce extra bristles when misexpressed (2.46
extra bristles per ﬂy; Fig. 1E), phenocopying the results obtained with
the corresponding mutants of Brd and Bob (Lai, 1999). To test whether
the lysine residues of the B domain per se are required to produce the
misexpression phenotype, the FLAG-m44K/R variant was created,
replacing the lysine residues with arginines while retaining both the
helical nature and the strong basic amphipathicity of the domain
(Figs. 1C, D). Misexpression of FLAG-m44K/R produces 23 extra bristles
perﬂy, indicating a retained capacity todisrupt lateral inhibition (Fig.1E).
These data indicate that the basic amphipathic nature of E(spl)m4's B
domain is required to disrupt lateral inhibition when misexpressed,
while the lysine residues themselves are dispensable.
The N motif of E(spl)m4 contributes to its misexpression phenotype
Outside of the four conserved domains/motifs found in canonical
Brd family proteins, overall sequence similarity between the various
family members is low (Lai et al., 2000a; Lai et al., 2000b). To assess the
Fig.1. Integrity of the B domain and Nmotif of E(spl)m4 are important for the gain-of-function phenotype. (A) The Brd family gain-of-function phenotype results frommisexpression
in SOP cells. Expression of FLAG-m4 throughout PNCs (sca-GAL4; yellow bars) or speciﬁcally in SOPs (neur-GAL4; purple bars) results in the production of extra bristles on the notum
and head. Overexpression in non-SOP cells of the PNC fails to produce a mutant phenotype (mα-GAL4; red bars). (B) Wild-type notum (left) shows the stereotypical pattern of
macrochaete mechanosensory bristles, while ﬂies expressing FLAG-tagged E(spl)m4 protein (FLAG-m4) under the control of the sca-GAL4 driver (right) show extra macrochaetes at
multiple positions (arrows). (C) Domain/motif variants of E(spl)m4. The B domain (basic amphipathic alpha-helix) and the N, G, and D motifs (Lai et al., 2000b) are indicated.
Substituted residues are depicted in red. (D) Helical wheel plot of E(spl)m4's B domain predicts the clustering of non-polar residues on one face of the helix and of basic residues on
the opposite face. (E) Extra-bristle phenotypes resulting from misexpression of FLAG-m4 variants using the sca-GAL4 driver. Error bars indicate standard errors; asterisks denote
statistical signiﬁcance of differences from the wild-type (FLAG-m4) results (Pb0.04; Mann–Whitney U test).
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phenotype, additional variants of FLAG-m4were created that disrupt the
N, G, and Dmotifs (Fig. 1C). The FLAG-m4N1 variant mutates the core of
the N motif to alanines (NEANERL to NEAAAAL; Fig. 1B). When
misexpressed, this variant produces an average of 10.5 additional
macrochaete bristles per ﬂy, compared with the wild-type FLAG-m4
phenotype of 28.9 extra bristles (Fig. 1E). This weakening of the
misexpression phenotype was consistently observed with four inde-
pendent insertions of the construct, andpoints to a role for theNmotif in
disrupting lateral inhibition, though it seems not to be strictly required.
Two different G-motif variants were constructed, FLAG-m4G1 muta-
ting all 16 amino acids of the extended Gmotif (VPVHFVRTAHGTFFWT)
to alanines, and FLAG-m4G2 mutating only the more highly conserved
region (FWT) to alanines (Fig. 1C). Both FLAG-m4G1 and FLAG-m4G2
produce strongmisexpressionphenotypes, an average of 36 and 39 extra
macrochaetes perﬂy, respectively (Fig.1E).We conclude that theGmotif
of E(spl)m4 is not required for the misexpression phenotype.
The D motif consists of six amino acids found at the C terminus of
the protein (DRWVQA); its disruption was accomplished with a stop-codon truncation of the protein just N-terminal to this motif (Fig. 1C).
We ﬁnd that the FLAG-m4D variant produces a misexpression
phenotype of 29 extra bristles per ﬂy (Fig. 1E), very similar to that
of wild-type FLAG-m4, indicating that the D motif is likewise not
required for the disruption of lateral inhibition in this assay.
The recognized conserved motifs of E(spl)mα are not required for
interaction with Neur in vitro
It has been reported that the interaction of the Brd protein Tom
with the E3 ubiquitin ligase Neur is mediated by the N motif, and it
was suggested that this interaction is the basis of Notch signaling
inhibition in vivo (Bardin and Schweisguth, 2006). However, the fact
that mutating the N motif of E(spl)m4 only reduced, but did not
eliminate, the protein's ability to disrupt lateral inhibition when
misexpressed in the SOP led us to believe that another, unidentiﬁed,
motif may participate in this function.
To assess the role of each of its conserved domains/motifs in direct
protein–protein interaction with Neur, His-tagged variants of E(spl)mα
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upper image). Bacterial cell lysates containing these His-tagged proteins
were used in a pulldown assay with bacterially expressed and puriﬁed
GST-Neur, or GST, bound toGlutathione Sepharose beads. TheHis-tagged
negative control, His-Hairless148–311 (His-H148–311)was chosenbecause it
is of comparable size to His-mα and is not expected to have afﬁnity for
GST-Neur. Indeed, His-H148–311 does not bind to GST-Neur in this assay,
whereas His-mα shows a strong interaction (Fig. 2B). The E(spl)mα
variants His-mα4K/R, His-mαN, His-mαG2, and His-mαD also show
efﬁcient binding to GST-Neur, whereas His-mα4K/A shows a substantial
decrease in binding (Fig. 2B). These data indicate that none of the three
identiﬁed motifs in E(spl)mα (N, G, or D) is required for strong in vitro
interaction with Neur, while loss of the basic amphipathic character of
the B domain impairs, but does not eliminate, binding to Neur.
We note that while all His-mα variants display more than one
band when electrophoresed on SDS-polyacrylamide gels, all but His-
mα4K/A exhibit an upper band containing the great majority of the
protein, with a minor lower band of variable intensity depending on
the preparation. His-mα4K/A instead consistently displays a gel
pattern with the majority of the protein in the lower band. While
this major lower band of His-mα4K/A binds poorly to GST-Neur, the
minor upper band binds relatively more strongly (Fig. 2B). We suggestFig. 2. E(spl)mα contains two N motifs capable of interacting with Neur. (A) Variants of E(s
depicted in red. (B–E) Western blots of pulldown assays of the interaction between Neur an
GST (control) and GST-Neur proteins in each assay. (B) The variant mα4K/A is the only sing
atypical gel migration pattern. (C) Normal gel migration and strong interaction with Neur
domains/motifs (mα4K/A, N, G2, D) does not abolish the E(spl)mα-Neur interaction. (D) In anm
to Neur, while mutation of either region Yor region Z eliminates the interaction completely. (E
mαN and mαN′ variants interact normally with Neur, the mαN′, N variant has lost this capacthat this exceptional behavior of His-mα4K/A may be due to abnormal
folding of at least a majority of the protein. In any case, we reasoned
that the residual Neur interaction observed with His-mα4K/A might be
mediated by a second motif that cooperates with the B domain. Based
on our misexpression data (above) and a previous report (Bardin and
Schweisguth, 2006), it seemed likely that the N motif ﬁlls this role.
To test our hypothesis that multiple elements of E(spl)mα are
important for its interaction with Neur, additional variants of the
protein were generated, each containing mutations in two or more
domains/motifs. We ﬁnd that the double mutants His-mα4K/A, N and
His-mα4K/A, G2 behave like His-mα4K/A, in that they both display a
major-lower-band gel pattern and interact poorly, though clearly
detectably, with GST-Neur (Fig. 2C). By contrast, we were surprised
to observe that elimination of the D motif in the double mutant
His-mα4K/A, D restores both the protein's wild-type gel migration
pattern and its ability to bind efﬁciently to GST-Neur. Moreover,
both the triple mutant His-mαN, G2, D and the quadruple mutant
His-mα4K/A, N, G2, D likewisemigrate quite normally and interact strongly
with GST-Neur (Fig. 2C). From these data we conclude that none of the
recognized conserved domains/motifs of E(spl)mα is required for a
strong interaction with Neur. The implication is that E(spl)mα contains
one or more uncharacterized motifs capable of interacting with Neur.pl)mα. The B domain and the N, G, and D motifs are indicated. Substituted residues are
d E(spl)mα. Also shown are Coomassie-stained blots depicting amounts of bead-bound
le mutant that weakens E(spl)mα's interaction with Neur; this variant also shows an
are both restored in the mα4K/A, D double mutant, and mutation of all four conserved
αN, G2, D background, mutation of regions X and B have no affect on E(spl)mα's binding
) The N′motif is found in the zone of overlap between regions Yand Z (see A).While the
ity.
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result fromdisrupting the amphipathicity of the B domain [Fig. 2B; recall
that mα4K/R displays a normalmigration pattern (Fig. 2B)].We ﬁnd that
mutating the lysines of the B domain to uncharged, polar glutamines
(mα4K/Q) produces this same effect, as does mutating only the ﬁve non-
polar residues of E(spl)mα's B domain to glutamine (mα5np/Q; data not
shown; see Fig. 2B). In all cases, deletion of the D motif in combination
with the B domain mutation restores a wild-type gel migration pattern,
as well as strong binding of the protein to Neur (data not shown).
E(spl)mα and E(spl)m4 each contain multiple N motifs capable of
mediating interaction with Neur
Because we have observed that a truncated version of E(spl)mα,
extending from the N terminus to a point just N-terminal to the Nmotif,
is capable of binding toNeur (data not shown),we focused on this region
in our search for a possible uncharacterized motif capable of interacting
with Neur. Using the triple mutant His-mαN, G2, D as a backbone, we
substituted large stretches of amino acids in the N-terminal portion of
the protein with glutamine residues. The variant mαX, N, G2, D contains a
poly-Q stretch covering amino acids 5–20, mαB, N, G2, D a.a. 21–38 (the
entire B domain),mαY, N, G2, D a.a. 39–53, andmαZ, N, G2, D a.a. 54–67 (just
N-terminal to the N motif; Fig. 2A, lower image).
RegionXand theBdomain arenot required for interactionwithNeur,
as mutations in these blocks of amino acids did not affect the apparent
afﬁnity of the corresponding His-mα variants for GST-Neur (Fig. 2D).
However, binding to GST-Neur is completely eliminated for both His-
mαY, N, G2, D and His-mαZ, N, G2, D (Fig. 2D), indicating that there exists at
least one functional element in the section of E(spl)mα between the BFig. 3. A reﬁned consensus identiﬁes multiple N motifs in Brd family proteins, each sufﬁcien
two or more N motifs deﬁned by the new consensus (D/E/Q)NXXNXX(non-polar). Conserv
violates the consensus at the non-polar residue position. (B) N-motif variants of E(spl)m4. Th
red. (C, D) Western blots of pulldown assays. Also shown are Coomassie-stained blots depict
integrity of any of the three N motifs in E(spl)m4 is sufﬁcient for interaction with Neur. Only
m4–Neur interaction. (D) An 18-a.a. segment containing the E(spl)mα N motif (AEIDENAA
dependent on the two asparagine residues of the core NXXN sequence, as a mutant peptiddomain and theNmotif, possibly near the junction of the YandZ regions
(Fig. 2A, lower image). Repeating the pulldown assay using E(spl)mα
variants bearing fewer substituted amino acids in these two regions led
to the discovery of an N-like motif [NLRNAQV, termed N′ (“N-prime”)]
that spans the junction between Y and Z and is required for interaction
with Neur in an mαN, G2, D background (data not shown). To test the
possibility that E(spl)mα contains two Nmotifs that are independently
capable ofmediating interactionwithNeur, the single-motifmutantHis-
mαN′ and the double mutant His-mαN′, N were generated (Fig. 2A). His-
mαN′ behaves like His-mαN and interacts strongly with Neur, while the
His-mαN′, N variant lacks afﬁnity for GST-Neur (Fig. 2E). From these data
we conclude that E(spl)mα contains two N motifs that are each
individually capable of mediating a robust interaction with Neur.
The ﬁnding of a second N motif in E(spl)mα raised the possibility
that other Brd family proteins may also contain additional N motifs.
The previously recognized consensus sequence for the N motif was
NXANE(K/R)L (Lai et al., 2000b). The N′ element in E(spl)mα shares
only the core NXXN with this consensus. Using this simpliﬁed motif
deﬁnition (with X≠N), we ﬁnd that among the canonical Brd family
proteins, E(spl)m4 contains three potential N motifs, while Tom and
Ocho include two and one potential N motifs, respectively (Fig. 3A).
[We suggest that the existence of a second (N′) motif in Tom is likely
to account for the failure of mutations affecting its original N motif to
fully eliminate Tom-Neur co-immunoprecipitation (Bardin and
Schweisguth, 2006).] The non-canonical family members Brd, Bob,
and E(spl)m6 appear to contain only the single previously identiﬁed N
motif, while E(spl)m2 has no N motifs, even with this looser
deﬁnition. Aligning all of these N motifs yields the new consensus
(D/E/Q)NXXNXX(L/M/V) (Fig. 3A).t to mediate binding to Neur. (A) Canonical BFMs E(spl)mα, E(spl)m4, and Tom contain
ed residues within each N motif are shown in bold; note that the N″ motif of E(spl)m4
e B domain and the N, G, and Dmotifs are indicated. Substituted residues are depicted in
ing amounts of bead-bound GST (control) and GST-Neur proteins in each assay. (C) The
mutation of all three of these motifs (m4N″, N′, N2) results in the disruption of the E(spl)
NEKLAQLAHS) is sufﬁcient to mediate a weak interaction with Neur. This interaction is
e (AEIDEAAAAEKLAQLAHS) fails to bind Neur.
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E(spl)m4 are capable of mediating interaction with Neur by
assaying the single-motif mutants His-m4N2, His-m4N′, and His-
m4N″, as well as the triple N-motif mutant and every combination
of double N-motif mutant (Figs. 3B, C). Consistent with the results
obtained with E(spl)mα, E(spl)m4 is capable of interacting strongly
with Neur as long as it contains any of the three N motifs. BindingFig. 4. Brd family proteins compete with Dl for binding to Neur. (A) Schematic of the compet
are Coomassie-stained blots depicting amounts of bead-bound GST (control) and GST-Dlintra
is not strongly affected by the presence of the control competitor H148–311. (B) Addition of w
dependent manner. (B, C) Mutation of either the N or N′ motif weakens E(spl)mα's ability
Similarly, addition of E(spl)m4 also disrupts the Neur–Dlintra interaction, and the triple mutan
at disrupting the Neur–Dlintra interaction, as seen with variant m4N′, N2.to Neur is severely reduced only when all three N motifs are mutant
(Fig. 3C). Finally, in contrast to a previous ﬁnding concerning the N
motif of Tom (Bardin and Schweisguth, 2006), we observe that a
short peptide containing the N motif of E(spl)mα is sufﬁcient to
mediate a weak interaction with Neur in the pulldown assay, in a
manner dependent on the two asparagine residues of the NXXN
core (Fig. 3D).ition pulldown assay. (B–D) Western blots of competition pulldown assays. Also shown
proteins in each assay. Neur is efﬁciently pulled down by GST-Dlintra, and this interaction
ild-type mα, or any variant except mαN, disrupts the Neur–Dlintra interaction in a dose-
to disrupt this interaction, while the double mutant mαN′, N lacks this ability (C). (D)
t m4N″, N′, N2 loses this ability. The N″motif of E(spl)m4 is weaker than the N or N′motifs
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Neur–Dl interaction
We have seen that misexpression of BFMs in the SOP of a PNC
prevents the SOP from sending an effective inhibitory signal to the
Notch receptor on non-SOPs, thus disrupting lateral inhibition. Given
their interactionwith Neur (Giot et al., 2003; Bardin and Schweisguth,
2006), BFMs might do this either by interfering with the E3 ligase
activity of Neur, thus preventing the conversion of Dl into an active
ligand for Notch, or by interfering with the binding of Neur to its
substrate Dl. To test this latter possibility, we employed an in vitro
binding inhibition assay (Fig. 4A). Bacterially expressed, puriﬁed, GST-
tagged Dl intracellular domain (GST-Dlintra), bound to Glutathione
Sepharose beads, was incubated with bacterial cell lysate containing
His-tagged Neur (His-Neur) to permit binding between the two
proteins to occur. Following incubation, a His-tagged competitor,
either His-H148–311 (negative control) or a His-mα variant, was added.
After a second incubation period, the amount of His-Neur still bound
to GST-Dlintra was assayed (Fig. 4A).
His-Neur binds efﬁciently to GST-Dlintra, an interaction that is not
signiﬁcantly affected by the addition of the control competitor His-
H148–311 (Fig. 4B). The addition of wild-type His-mα as a competitor
severely reduces the amount of His-Neur that is pulled down with
GST-Dlintra, consistent with the interpretation that the binding of Neur
to E(spl)mα is able to disrupt and prevent the binding of Neur to
Dlintra. Additionally, we ﬁnd that this competition is dose-dependent:
a 5× concentration of His-mα is more effective than a 1× concentra-
tion at disrupting the Neur-Dlintra interaction. The E(spl)mα variants
His-mα4K/A, His-mα4K/Q, His-mα4K/R, His-mαG2, and His-mαD are all
equally capable of disrupting the Neur–Dlintra interaction, excluding a
requirement for the B domain and the G and D motifs for this activity.
The variant His-mαN also retains some ability to disrupt the Neur–
Dlintra interaction; however, its efﬁciency is reduced compared to that
of wild-type mα (Fig. 4B).
The intact N′ motif seemed the most likely source of the residual
activity of His-mαN in this assay. We tested this inference by comparing
the activities ofHis-mαN,His-mαN′, andHis-mαN′, N.WhileHis-mαNand
His-mαN′ both show a weakened ability to disrupt the Neur–Dlintra
interactionwhencomparedwithHis-mα, thedoublemutantHis-mαN′, N
has lost this ability completely (Fig. 4C). These data indicate that the N
andN′motifs of E(spl)mα each contribute independently to theprotein's
capacity to disrupt binding between Neur and Dlintra.
Since E(spl)m4 contains three functional N motifs that mediate
binding to Neur (see Figs. 3B, C), we asked if all three likewiseFig. 5. The N motifs of E(spl)m4 and E(spl)mα are required for the gain-of-function phenot
phenotype that is weakened with the FLAG-m4N1 variant and completely absent in the FLAG-
an extra-bristle phenotype that is dependent on the presence of the N motifs. The variant m
m44K/A (see Fig. 1E). Error bars indicate standard errors; asterisks denote statistical signiﬁ
Whitney U test).contribute to the protein's ability to disrupt the Neur–Dl interaction.
The single-motif mutants His-m4N2, His-m4N′, and His-m4N″ are each
able to compete for binding to Neur nearly as efﬁciently as wild-type
His-m4, suggesting that the presence of two intact N motifs in these
variants is sufﬁcient to disrupt Neur–Dlintra binding (Fig. 4D). The
double-motif mutants His-m4N, N2 and His-m4N″, N′ are also very
effective at disrupting the Neur–Dlintra interaction, indicating that the
presence of either the N or N′ motif is largely sufﬁcient to confer this
capacity. The variant His-m4N, N2 shows a signiﬁcant decrease in
competitive ability, suggesting that the N″ motif is functionally
weaker than the N and N′ motifs. Finally, as expected, the triple-
motif mutant His-m4N″, N′, N2 is completely impaired in its ability to
disrupt the Neur–Dlintra interaction, consistent with its near lack of
binding afﬁnity for Neur (see Fig. 3C).
The N motifs of E(spl)mα and E(spl)m4 are required to confer a
misexpression phenotype
Knowing that E(spl)mα and E(spl)m4 contain multiple functional
N motifs, we hypothesized that the remaining intact N motifs (N′ and
N″) are responsible for the substantial residual ability of FLAG-m4N1 to
disrupt lateral inhibition and generate an extra-bristle phenotype (see
Fig. 1E). To test this proposition, we generated and misexpressed a
transgene construct encoding the triple mutant FLAG-m4N″, N′, N2. As
predicted, FLAG-m4N″, N′, N2 fails to confer the misexpression
phenotype (0.03 extra bristles per ﬂy; Fig. 5A).
Misexpressing E(spl)mα variants in this same manner produces
results comparable to those for E(spl)m4. Wild-type mα misexpres-
sion produces a mean of 9.6 extra bristles per ﬂy while mαN′, N lacks a
signiﬁcant capacity to disrupt lateral inhibition, producing only 0.85
extra bristles per ﬂy (Fig. 5B). Interestingly, mαN is only slightly less
efﬁcient than wild-type mα in conferring the misexpression pheno-
type (6.7 extra bristles per ﬂy), while mαN′ is severely impaired in this
ability (0.97 extra bristles per ﬂy). This may suggest that the in vivo
afﬁnity of Neur for speciﬁc N motifs may vary by more than what is
observed using in vitro binding assays (see Fig. 2E). Also comparable
to the E(spl)m4 results, mα4K/R is capable of strongly disrupting
lateral inhibition, generating 8.1 extra bristles per ﬂy, while mα4K/A
nearly lacks this ability, yielding 0.11 extra bristles per ﬂy (Fig. 5B).
Finally, mαD produces 6.5 extra bristles per ﬂy, indicating that, like
FLAG-m4D, this variant retains the capacity to disrupt lateral
inhibition (Fig. 5B; see Fig. 1E).
The differing phenotypic effects of the various E(spl)mα variants
in the gain-of-function assay could potentially be attributable toype. (A) Misexpression of FLAG-m4 using the sca-GAL4 driver produces an extra-bristle
m4N″, N′, N2 triple mutant variant. (B) Misexpression of mαwith sca-GAL4 also produces
α4K/A is unable to generate a gain-of-function phenotype, as was observed with FLAG-
cance of differences from the wild-type (A, FLAG-m4; B, mα) results (Pb0.04; Mann–
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of misexpressed V5-tagged versions of these variants by immuno-
ﬂuorescence shows comparable levels of accumulation (see Supple-
mentary Figs. S2A–E).Fig. 6. The intracellular domain of Dl contains an N motif that is required for in vitro binding
domains of Dl (A) and Ser (B) show strong conservation of an N motif in the arthropods.
depicted in red. (D) Western blot of a pulldown assay shows that the N motif of Dlintra is re
amounts of bead-bound GST (control) and GST-Neur proteins in each assay. (E, F) 30–40-μm
(E), DlN (F), Dl+Neur (E′), or DlN+Neur (F′) under the control of themα-GAL4 driver. Both a
type Dl, the intracellular localization of DlN is not responsive to the presence of Neur.Dlintra contains an N motif that is required for binding to Neur
Our ﬁndings that N motifs are required both for the binding of Brd
family proteins to Neur, and for their ability to compete with Dlintra forand in vivo responsiveness to Neur. (A, B) Alignments of segments of the intracellular
(C) Cartoon illustrating the mutant N motif variant of Dlintra. Substituted residues are
quired for its interaction with Neur. Also shown are Coomassie-stained blots depicting
confocal stack images of anti-Dl antibody stains of wing imaginal disc cells expressing Dl
pical and basal regions of the tissue are included in the image stack. In contrast to wild-
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compete in vivo for the same binding site(s) on Neur. Thismodel would
suggest that Dlintra contains a motif similar to the N motif of Brd family
proteins. Indeed, a survey of the amino acid sequence of the intracellular
domain of Dl (a.a. 619–833) uncovered amotif near the transmembrane
domain that strongly resembles an N motif (QNEQNAVA) and shows a
high level of conservation in other arthropods (Fig. 6A). The presence of
this conserved N motif in Dl is consistent with a similar mode of
interaction for Dl and Brd family proteinswithNeur.We have also found
a putative N motif in the intracellular domain of the other Drosophila
Notch ligand, Ser (Fig. 6B), andwe note that the region containing it has
previously been found to be important for the activation of Notch
signaling and for Ser-Neur co-immunoprecipitation (Glittenberg et al.,
2006). The conserved N motif [QNEEN(L/F)RR] we have identiﬁed in
arthropod Ser proteins contrasts very signiﬁcantly in its proposed
critical residues with the (E/D)(E/D)X2–3NNX5NX3–5NP(L/I) motif
suggested by Glittenberg et al. (2006) to be shared between insect Ser
and vertebrate Jagged proteins; for example, theﬁrst asparagine residue
of the N motif's critical NXXN core is unconstrained (“X”) in the latter
consensus.
To investigate the possible requirement for its putative N motif in
Dl's interaction with Neur, we created versions of His-tagged DlintraFig. 7. The genome of the crustacean Daphnia pulex encodes a Brd family protein capable of b
the Daphnia Brd family gene. Blue rectangle indicates the protein-coding region of this intro
transcriptional regulatory sequencemotifs sharedwith other arthropod Brd family genes (see
theDaphnia BFMwithD.mel E(spl)mα (blue box=Bdomain, longer in theDaphnia sequence
motif). (C) Helical wheel plot of the Daphnia BFM's B domain. (D) Western blot of a pulldow
Drosophila Neur. Also shown are Coomassie-stained blots depicting amounts of bead-boundwith and without an N-motif mutation (His-Dlintra-N and His-Dlintra;
Fig. 6C). Using a pulldown assay with GST-Neur or GST, we ﬁnd that
His-Dlintra interacts strongly with GST-Neur, while the mutant His-
Dlintra-N fails to interact (Fig. 6D). This tells us that Dl and Brd family
proteins interact with Neur via similar motifs, and are most likely
competing for the same binding site(s) in Neur.
The N motif of Delta is required for its Neur-dependent endocytosis
Coexpression of Neur and Dl in vivo leads to the endocytosis of Dl
at the cell surface into intracellular vesicles (Lai et al., 2001;
Pavlopoulos et al., 2001). Having identiﬁed an N motif in the
intracellular domain of Dl that is required to mediate its interaction
with Neur in vitro, we proceeded to test whether a form of Dl mutant
for this motif (DlN) would be impaired in its ability to undergo Neur-
dependent endocytosis. When expressed alone under the control of
either themα-GAL4 or the dpp-GAL4 driver, both Dl and DlN are found
associated with the plasma membrane in the apical region of the cell
and in intracellular vesicles basally (Figs. 6E, F; data not shown; see
Supplementary Figs. S2F, G). This indicates that DlN, like wild-type Dl,
can localize properly to the cell cortex and is capable of being
trafﬁcked into vesicles. When coexpressed with Neur, wild-type Dl isinding to Drosophila Neur. (A) GenePalette illustration of the genomic region containing
nless gene; white rectangles represent untranslated regions. Transcriptional and post-
Materials andmethods) are shown. (B) ClustalWalignment of the predicted sequence of
to include an extended region of high amphipathicity; red box=Nmotif; green box=G
n assay, showing the conserved ability of the Daphnia BFM to interact speciﬁcally with
GST (control) and GST-Neur proteins in each assay.
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intracellular vesicles that are more numerous and larger in size than
when Neur is not present (Figs. 6E, E′). However, when Neur and DlN
are coexpressed, the intracellular localization of DlN is left unchanged
(Figs. 6F, F′). This result supports the conclusion that the N motif in its
intracellular domain is required in vivo for endocytosis of Dl in a Neur-
dependent manner.
Identiﬁcation of a Brd family gene in the crustacean D. pulex
The recent availability of a genome sequence assembly for the
waterﬂea, D. pulex, presented us with the opportunity to search for
Brd family genes in a crustacean. Unsurprisingly, standard BLAST
searches yield no signiﬁcant matches to any known BFMs. Using the
knowledge that Brd family genes in insects are typically found in the
vicinity of conserved bHLH-R genes of the Hairy/Enhancer of split
(Hes) class, we ﬁrst identiﬁed scaffolds containingHes genes, and then
looked nearby for possible BFMs. Using this approach, we successfully
identiﬁed a Daphnia BFM approximately 6 kb upstream of the bHLH-R
gene that encodes the Hes protein Dp15 (Simionato et al., 2007)
(Fig. 7A). This crustacean BFM appears to be regulated in a manner
consistent with BFM regulation in Drosophila (Singson et al., 1994;
Bailey and Posakony, 1995; Nellesen et al., 1999), as its immediate
upstream region contains a proneural protein binding site, a “lone”
binding site for Su(H), and a Su(H) paired site (SPS) (Bailey and
Posakony, 1995) within 200 bp of the TATA element. Moreover, two K
boxes and a single GY box are found in the predicted 3′ UTR of the
gene, indicating that the transcript is likely subject to the same
miRNA-mediated negative regulation as Drosophila BFMs (Lai and
Posakony, 1997; Leviten et al., 1997; Lai et al., 1998; Lai, 2002; Stark et
al., 2003; Lai et al., 2005) (Fig. 7A). The Daphnia BFM gene is predicted
to encode a 162-aa protein (Fig. 7B), containing a basic amphipathic
alpha-helix (Fig. 7C) as well as an Nmotif (ENALNEAL) and a variation
of the G motif (GTFWT vs. GTFFWT typically found in Drosophila
BFMs). It does not include the C-terminal D motif (Fig. 7B).
To test whether the D. pulex Brd family protein retains the property
of binding to Neur, we generated a His-tagged version and performed
a pulldown assay with D. melanogaster GST-Neur. Drosophila Neur is
indeed able to interact with the Daphnia BFM in this assay, suggesting
a conserved function of Brd family proteins in insects and crustaceans
(Fig. 7D).
Discussion
Multiple Neur-binding motifs in Brd family proteins
We have presented evidence here that the two canonical Brd
family proteins encoded in the Drosophila E(spl)-C, E(spl)mα and
E(spl)m4, contain previously unidentiﬁed sequence motifs that are
structurally and functionally similar to the recognized N motif
common to nearly all BFMs (Lai et al., 2000b). It appears that each
of these motifs is independently capable of mediating binding to the
E3 ubiquitin ligase Neur, and we show that the presence of at least one
such motif is necessary for this interaction. Henceforth, we will refer
to all of these sequence elements as NXXN motifs, both because of
their characteristic pattern of asparagine residues and to avoid
confusion with the “N” symbol for Notch.
The availability of whole-genome and EST sequence data for a
broad range of insects has permitted the identiﬁcation of BFMs in 12
Drosophila species and in other Dipterans (Anopheles gambiae, Aedes
aegypti, Culex pipiens, Ceratitis capitata, and Haematobia irritans),
several Lepidopterans (Bombyx mori, Manduca sexta, Heliconius erato,
Antheraea assama, Samia cynthia ricini, and Plodia interpunctella), a
Hymenopteran (Apis mellifera), a Coleopteran (Tribolium castaneum),
a Hemipteran (Acyrthosiphon pisum), and a Phthirapteran (Pediculus
humanus corporis); we also report here the recognition of BFMs inthree more distantly related arthropods, the Crustaceans D. pulex,
Artemia franciscana, and Callinectes sapidus (Fig. 7; see Supplementary
Fig. S3; J. R. Fontana and J. W. Posakony, unpublished). This in turn
affords us the opportunity to reﬁne our deﬁnition of the NXXN motif
consensus [(D/E/Q)NXXNXX(I/L/M/V); see Supplementary Fig. S3].
The overall picture that emerges from our examination of
arthropod BFM NXXNmotifs is that both the appearance of secondary
(generally non-canonical) Brd family genes in the genome, and the
appearance of additional NXXN motifs within a given Brd family
protein, permit much greater variability in NXXN motif sequence to
arise. It is tempting to interpret this as a form of subfunctionalization
(Lynch and Force, 2000), even at the level of individual duplicated
motifs within one protein. It is also reasonable to suggest thatmultiple
NXXN motifs arise within even canonical BFMs such as Drosophila
E(spl)mα, E(spl)m4, and Tom because this has the effect of lowering
the dissociation constant between these proteins and Neur, making
them more efﬁcient inhibitors of Notch signaling. Indeed, we see that
mutation of just one of the NXXN motifs in E(spl)mα or E(spl)m4 is
sufﬁcient to decrease the efﬁcacy of these proteins in disrupting
lateral inhibition (see Fig. 5).
Lastly, we note that the short, relatively loose, consensus for the
NXXN motif deﬁned here is not unprecedented for target sequences
bound by E3 ubiquitin ligases. For instance, theWW domain of Nedd4
proteins, a family of HECT-domain E3 ubiquitin ligases, binds the small
PY motif consensus (L/P)PXY found in targets such as the sodium
channel ENaC (Kasanov et al., 2001).
Conserved NXXN motifs in the intracellular domains of Notch ligands
The deﬁnition of a looser consensus for the Neur interaction motifs
in Brd family proteins permitted the immediate recognition of
potential NXXN motifs in the intracellular domains of the Notch
ligands Dl and Ser (Figs. 6A, B). The high level of conservation of these
motifs in otherwise divergent sequence strongly suggests their
functional importance. Indeed, we ﬁnd NXXN motifs at comparable
positions in the intracellular domains of Dl and Ser ligands from non-
arthropod protostomes as well, including the nematode Xiphinema
index, the polychaete annelid Capitella sp. I, the cephalopod mollusc
Euprymna scolopes, and the gastropod mollusc Lottia gigantea (see
Supplementary Fig. S4A). Equally striking is the presence of similar
conserved NXXN motifs in both the Delta-like1 (Supplementary Fig.
S4B) and Jagged1 (Supplementary Fig. S4C) proteins of vertebrates,
which suggests strongly that in these species, too, the NXXN motif
mediates the interaction between Notch ligands and Neur orthologs.
Moreover, the ﬁnding that both BFMs and Notch ligands make use of a
similar conserved motif to bind to Neur suggests the feasibility of
identifying other Neur substrates computationally.
NXXN motif-dependent regulation of Notch signaling
Wehave demonstrated here for the ﬁrst time that Brd family NXXN
motifs are required for the inhibitory activities of these proteins in two
assays, in vitro inhibition of Neur–Dl interaction, and antagonism of
Notch signaling activity in vivo. Likewise, we have shown that the
NXXNmotif of Dl is required both for its interactionwith Neur in vitro,
and for the Neur-dependent endocytosis of Dl in vivo.
Our results support a speciﬁc model for how Brd family proteins
function as antagonists of Notch pathway signaling activity; namely,
that BFMs and the intracellular domains of Notch ligands compete
directly, via their respective NXXN motifs, for binding to Neur. Thus,
NXXN motifs are essential mediators both of the activation of the
Notch pathway by the ligands Dl and Ser [which require Neur-
dependent ubiquitination to be fully functional (Pavlopoulos et al.,
2001; Wang and Struhl, 2004)], and of its inhibition by Brd family
proteins (which act to prevent this modiﬁcation as competitive
antagonists of the Neur-substrate interaction).
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Taken together, the results presented here and in previous reports
(Pavlopoulos et al., 2001; Li and Baker, 2004; Wang and Struhl, 2004;
Bardin and Schweisguth, 2006; De Renzis et al., 2006) support the
following relatively simple model for BFM function during lateral
inhibition. In response to Notch signaling, Brd family genes are
transcriptionally activated speciﬁcally in the non-SOP cells of the PNC
(Nellesen et al., 1999; Castro et al., 2005). There the encoded BFM
proteins act to inhibit Neur-dependent ubiquitination of Dl, by the
mechanism of directly competing with Dl for binding to Neur via their
respective NXXNmotifs. Inhibiting the endocytosis-dependent activa-
tion of the Dl ligand in non-SOPs would in turn have the effect of
preventing these cells from becoming “strong signalers” that other-
wise might laterally inhibit the SOP itself, or might themselves be
resistant to signaling.
A critical question prompted by the simple model described above
for Brd family protein function during lateral inhibition is, why is
inhibition of Neur activity by BFMs in non-SOPs necessary if Neur is
highly expressed only in SOPs? Work currently in progress in our
laboratory (S. W.Miller and J. W. Posakony, unpublished observations)
has established that neur is indeed actively transcribed in multiple
cells early in the development of the PNC, potentially necessitating the
deployment of BFMs as Neur inhibitors, in order to eliminate any
threat to correct cell fate speciﬁcation this may pose.
Evolutionary history of the Brd protein family
Our identiﬁcation of a Brd family gene in the Crustacean D. pulex
pushes back the origin of this family to perhaps the Silurian era, more
than400Mya.Thepresence of a Bdomain andbothNandGmotifs in the
predicted protein product (see Figs. 7B, C) suggests that the ancestral
BFMmust have contained at least these three elements. TheDmotifmay
either have been lost in the crustaceans, or have appeared sometime
later in the hexapod lineage. It also seems clear that both transcriptional
and post-transcriptional modes of Brd family gene regulation have been
conserved from a deep ancestor. The presence of high-afﬁnity binding
sites for proneuralproteins andSu(H) in the immediateupstreamregion
of the Daphnia BFM strongly suggests that it uses the “S+P”
transcriptional regulatory code ﬁrst uncovered in studies of Drosophila
Brd family and bHLH repressor genes (Singson et al., 1994; Bailey and
Posakony, 1995; Nellesen et al., 1999; Castro et al., 2005). Likewise, the
presence of K and GY boxes in the gene's 3′ UTR makes it equally likely
that it is subject to the same miRNA-mediated negative regulation that
applies tomostDrosophilaBFMs (Lai and Posakony,1997; Lai et al.,1998;
Stark et al., 2003; Lai et al., 2005). Our demonstration that the Daphnia
Brd family protein binds efﬁciently to Drosophila Neur in vitro (see
Fig. 7D) indicates that this functionality, too, is anancientpropertyof the
family. Finally, the close genomic association of theDaphnia BFMwith a
Hes-type bHLH repressor gene, just as in insect E(spl)-C's (Schlatter and
Maier, 2005), suggests both that this proximity dates from the common
ancestor, and that the association is maintained by selection, for an as-
yet unknown reason. It is striking that somany features of the structure,
function, and regulation of the Brd gene family have survived for such an
extraordinarily long time.
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